Solid tumors such as hepatocellular carcinoma are very often not amenable to chemotherapy and radiotherapy. Local ablation methods, including chemical ablation with absolute ethanol, are therefore an option for treatment but lack of information about the mechanism of devitalization leading to cell death is a hindrance to further adoption. Systemic toxicity also has limited the amount of ethanol that can be used in a single treatment session. Therefore we evaluated the mechanism of urea, a denaturant with little or no systemic toxicity, for potential use in chemical ablation. In this study we report on the use of three methods to analyze the effects in cell culture with a view towards eventual clinical application. Human hepatoma HuH-7 cells were analyzed at several time points after treatment using FTIR, DSC, and Raman microspectroscopy based on MTT and PI-exclusion viability assays. Time course fractional denaturation data plotted against viability show that a 50% viability drop occurs after only a 10-20% drop in overall protein denaturation. Other methods of cell death such as apoptosis may also be operative, but this result implies that protein denaturation is one of the major mechanisms of cell death. This is in line with what has been previously suggested for purely thermal methods, and opens the way to mechanism-based improvements in chemical ablation of solid tumors.
Introduction
Treatment of solid tumors such as hepatocellular carcinoma (HCC) is challenging. Surgery, either resection or transplantation, is generally the best option as such tumors do not respond well to intravenous chemotherapy (1). Unfortunately, few patients qualify for surgery and there is often considerable morbidity from such major surgical procedures. This leaves a large cohort of patients that are treated by less invasive methods, such as thermal ablation and transarterial embolization (2). Historically, chemical ablation has played a significant role in cancer treatments, particularly ultrasound-guided injection of either ethanol or 50% acetic acid (3) . However, systemic toxicity limits the dose and there is difficulty in predicting the distribution of the injected agent. These issues have hampered the clinical use of these methods (4, 5) . The dose limitation imposed by the systemic toxicity of the agents often results in multiple repeated treatment sessions (6).
Technology in Cancer Research & Treatment, Volume 11, Number 5, October 2012 Several technologies do exist for improving the distribution of injected agents, typically by using variations on multiple side-hole needles (7, 8) . While this to a certain extent addresses the question of predictability in where the reagents are deposited, very little work has been done to explore the agents themselves or the mechanism of action (9). Lowering the systemic toxicity would reduce the number of required treatment sessions as a larger volume of agent could be introduced in one session. This would provide the dual benefits of reduced cost and improved safety.
Financial and infrastructure resources simply are not available for CT-or MR-guided thermal ablations for the majority of HCC patients worldwide. In addition to the issue of availability of CT and MR scanners, expensive base units or power generators for thermal ablation are needed. The ablation probes or antennae themselves are single-use disposable devices that are also costly. In contrast, it is difficult to compete on a cost basis with reagents such as ethanol or urea. Thus, there is a need for addressing the mechanistic issues of chemical ablation to determine if more effective, less toxic treatments could be devised with realistic cost constraints. The purpose of this study is to elucidate and quantify the mechanism(s) by which a chemical denaturant exerts its effect and to establish a foundation to guide development of improved, mechanism-based therapies.
Materials and Methods

Cell Culture
HuH-7 cells were cultured in Dulbecco's modified Eagles medium (DMEM) (Invitrogen, Carlsbad, CA). Cells were cultured in 75 cm 2 tissue culture flasks at a density of 3 3 10 4 cells/ml in 10 mL of growth medium was supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), and 100 μg/ml penicillin/streptomycin (Invitrogen). All flasks were incubated at 37C with 5% CO 2 . Cells were plated in 96-well plates in 100 μl medium for assays at a concentration of 3 3 10 5 cells per well overnight prior to performing the assays. Urea (Fluka, Buchs, Switzerland) was added to cells in various concentrations as described below.
Cell Viability Assays
MTT: Cell viability assays were performed using the MTT reagent 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich, St. Louis, MO) at the concentration of 10 μg/100 μl as the substrate. Growth medium was aspirated from the wells and cells were washed twice with 1 3 PBS. 200 μl growth medium containing urea at varying concentrations was added to each well and plates were incubated at 37C at three different time points: 2 h, 6 h and 24 h, respectively. The urea concentrations were originally varied from 0 to 8 M, and finer concentration intervals were investigated between 0 and 1 M after initial findings. Every sample at each concentration of urea was plated in triplicate for each time point tested. Data presented are taken from three independent experiments (N 5 3) that were performed at different times. 100 μl of MTT substrate was added to each well in a 96-well plate and plates were incubated for 1 h at 37C. Cells were then gently washed in 1 3 PBS and 100 μl stop solution (acidified phenol) was added to each well. Plates were incubated again at 37C for 30 min and the colorimetric changes in the cells were measured using a plate reader at 570 nm. Only the live viable cells are able to convert yellow-colored MTT reagent into purple colored formazan. Thus, any color changes observed in 96-well plates are reflective of the amount of cell death for each sample tested. It should be noted that there would have been some cell proliferation in the control sample but it would have been minimal (cells under stress would not multiply well). Care was taken to synchronize the cells with respect to cell cycle as well as possible before performing the MTT assays.
Propidium Iodide (PI) Exclusion Assay: PI exclusion assay was used in order to determine the viability percentage of HuH-7 cells in suspension before and after chemical denaturation using 1% Hoechst 33342 (Invitrogen, Carlsbad, CA), 5% propidium iodide, and 94% growth media. After trypsinization 1 μl of the working dye was added to 9 μl sample of cell suspension and incubated at 37°C for 15 minutes. Multiple fields with a total number of 200-300 cells were counted for each run at 20X under fluorescence microscopy. A percentage of cells stained with PI to the total amount of cells counted during the run determined the viability percentage.
Differential Scanning Calorimetry (DSC)
The Differential Scanning Calorimeter (Pyris-1 Diamond DSC, PerkinElmer, Waltham, MA) was equilibrated for least 2 hours prior to use. HuH-7 cells were trypsinized and collected. Pellets were washed twice with PBS and inserted into DMEM at 2.4 million cells/ml. 12 μl of the cell pellet was placed into the base of a pre-weighed Perkin-Elmer aluminum pan and the sample along with the sample aluminum pan was weighed. A minimum of 5 minutes was allowed for equilibration. During the test, the sample was held for one minute at 25 degrees Celsius (loading temperature), then heated at 5°C/min to a peak of 85°C held for one minute before cooling to 25°C at the same rate. The sample was then reheated using the same protocol. For the urea experiments, 0.5 M urea was added to the media either 24 hours, 12 hours, 8 hours, or 6 hours prior using the same DSC protocol. Fractional denaturation was calculated directly from subtracted heat releases as previously reported (10). In this way, the control samples showed the most fractional denaturation (i.e. up to a total of 1 or 100%) while the treated samples showed less denaturation (i.e. a fraction of 1) indicative of proteins that were previously denatured through chemical means prior to thermal denaturation.
Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectra were obtained using a Nicolet Magna 6700 spectrometer (Thermo-Nicolet, Madison, WI) equipped with a TGS detector. Spectra were acquired at 4 cm 21 resolution using 32 co-added interferograms between wavenumber ranges of 4000 and 900 cm 21 . The cell pellet samples were mounted onto a specialized temperature cell that was regulated using a temperature controller (Minco Products Inc., Minneapolis, MN). In all cases, spectra were recorded over a temperature range from 20 to 80°C at a heating rate of 2°C min 21 . A spectrum of the sample buffer (1xPBS) was subtracted from the cell spectra to eliminate the contribution of water to the amide-I region. Normalized heat denaturation profiles of overall proteins within intact HuH7 cells were obtained by subtracting the spectrum recorded at 20°C from spectra at the indicated temperatures. The overall fractional thermal denaturation of proteins was then calculated by integrating the area of the A1610-1630 cm 21 band as a function of temperature as previously reported (10). Quantitative comparison between samples was obtained by dividing the area of the amide band (A1610-1630 cm 21 ) by the area of lipid band (2840-2865 cm 21 ) which is relatively unaffected by the denaturation. In this way, the control samples showed complete fractional denaturation of 1 (i.e. proteins were unaffected by chemical ablation) while the treated samples showed more fractional denaturation indicative of proteins that were previously denatured through chemical means prior to thermal denaturation.
Confocal Raman Microspectroscopy
A confocal Raman microscope (Alpha300R, Witec, Ulm, Germany) was used to acquire imaging and spectral data. Raster scanning was performed on samples through a high-precision piezo electric scanning stage under the microscope objective. An array of Raman spectra (i.e. 100 3 100 for all images presented here) was collected with the same integration time at each pixel location. Cells were cultured on glass cover-slips and were then treated with urea (0, 0.25, 0.5, 0.75 and 2 M) for 2 hours. The cover-slip was washed with PBS for 5 times before it was mounted to the Raman scan stage. The edge of the cover-slip was sealed with grease to prevent the water loss during measurements. An oil immersion microscope objective (NA 5 1.25) was used for single cell imaging. An Ar-ion laser (λ 5 514.5 nm) was used for the Raman excitation, and the laser power was tuned between 2-25 mW. All imaging was performed within 2 hours after cells were transferred into PBS. Two cells were randomly selected for imaging for each condition, and experiments were repeated at least 3 times.
Statistical Analysis
For the cell viability assays, statistical analysis was performed with student's t test. Data was obtained from three independent experiments with samples run in triplicate, and values are presented as mean 6 SEM.
Results
To determine the concentrations at which urea induces cell death in tumor cells, experiments were performed with 9 3 10 4 cells with urea concentration from 1-8 molar (data not shown due to abrupt cytotoxicity above 1 molar). Figure 1 shows the effects on viability over time after exposure to urea up to a concentration of 1 molar using MTT assays to assess the outcome with HuH-7 cells. These cells are relatively sensitive to urea as shown by the effects particularly at 24 h exposure. However, toxicity was not demonstrated in the MTT assay within the first few hours of exposure at these concentrations. Figure 2 shows the changes in protein denaturation as measured by protein secondary structural changes using FTIR (Amide I peak) and calorimetric (endothermic) peak analysis with DSC. Specifically, Figures 2A and B show control and treatment denaturation curves between 20 and 85°C for FTIR and DSC respectively. Longer urea exposure (.6 h) leads to reductions in the fractional denaturation. This is indicative of the chemical denaturation of proteins prior to the thermal denaturation and is a measure therefore of the chemically denatured protein content. Figure 3 compares fractional denaturation as measured by FTIR and DSC at 80°C to viability under the same urea exposures. Interestingly, a "protein shoulder" appears to occur after 6 hours of urea exposure beyond which fractional denaturation by either DSC or FTIR accumulates significantly starting with a 10-20% drop between 6 and 9 hours. In comparison there is a small drop in viability (20%) within the first 5 hours without measurable protein denaturation.
A measured drop in fractional denaturation between 6 and 9 hours (20%) leads to a large drop in viability (50%).
To investigate urea induced changes to HuH-7 cells directly, Confocal Raman imaging on single cells was applied after varying urea exposures as shown in Figure 4 . Changes are already apparent in the Raman signatures of the treated samples at a time interval of 2 hours of exposure or slightly longer, which is well before a reduction in viability is demonstrated in the MTT assay. Clustering of organic matter (brighter spots in Raman images for urea treated cells) was observed for all treated cells, but the population increased with the urea concentration. ( Figure 4B ) Chemical signatures of the spectra collected from these clusters show significant difference than those from the control cell. ( Figure 4A ) In addition to the drastic change in intensity of the alkyl region (2900 cm -1 ) relative to the water region (3500 cm 21 ), specific changes are evident with the alkyl stretching region. The peak at 2925 cm 21 (CH 2 asymmetric stretching) compared to the CH 3 symmetric stretching peak around 2980 cm 21 becomes smaller for treated cells. This is due to a decrease in the concentration of molecules rich in CH 2 groups (i.e. lipids) at the probing location, indicating that protein molecules aggregate and regular cell contents such as lipids are excluded from the probing location. The protein amide I peak at 1650 cm 21 is increased about 3-fold, suggesting that these clusters of organic matter are likely protein aggregations. In the protein amide III region, the control cell has a strong peak at 1240 cm 21 (insert in Figure 4A ), which corresponds to the native α-helix structure of the protein. However, for 0.25 M urea treated cell, the 1240 cm 21 is decreased, while a peak at 1260 cm 21 , which corresponds to denatured β-sheet structure is clearly seen. As the urea concentration was increased to 0.75 M, the number of protein aggregates in the cytoplasm increased ( Figure 4B , third image). The α-helix peak is almost gone and the denatured β-sheet dominates in this region (green spectrum in Figure 4A ). Differences with the control are seen at this short time interval even with 0.25 M urea exposure, and this increases with increasing concentrations of urea. As the concentration of urea is increased to 2 M, protein aggregates are observed throughout the whole cell including the nucleus (Figure 4B, fourth image) , and the protein molecules in the aggregates are completely denatured (spectrum not shown).
Discussion
Urea is an attractive candidate to assess for denaturation studies since it has a very favorable profile for low systemic toxicity compared to ethanol. The U.S. Food and Drug Administration approved urea for the treatment of cerebral edema at dosages as high as 120 g/IV/day and it was used for many years until it was supplanted by mannitol. The initial report of use in malignancy was in a small study of endstage cervical cancer patients (11). In this report, urea was shown to have a beneficial effect in 60% of the patients when administered either as an intratumoral injection or as an ointment. The treatment was not widely adopted, however. From a mechanistic standpoint in protein research, much is known about urea as a denaturant (12, 13) . Furthermore, it penetrates through cells readily. Taking these observations into account, we therefore chose to investigate urea using the human hepatoma cell line HuH-7 as our initial model system.
In contrast to studies of ethanol toxicity, little is known about the effects of higher concentrations or prolonged exposure to urea on hepatocytes or neoplastic liver cells. Hepatocytes actually produce urea as a waste product of normal protein metabolism, and the kidneys then excrete the urea. Exposure under these circumstances is extremely low, but the data show that urea is cytotoxic to tumor cells provided adequate exposure has occurred. Therefore, this naturally occurring cellular byproduct could potentially be used for HCC treatment.
The mechanism of action of chemical ablation agents such as ethanol in treatment of HCC has not been investigated in any detail. It has been attributed to some combination of dehydration and denaturation but very little has been done previously to corroborate this idea. The hydration state of a protein is in actuality intimately related to structure of a protein and hence function. Dehydration and protein denaturation are thus closely related aspects of a single concept rather than two separate ideas. With these concepts in mind, our eventual goal is to optimize local cytotoxicity while effectively eliminating the dose limitations imposed by systemic toxicity.
Destabilized proteins in various stages of denaturation have hydrophobic amino acid residues exposed to water that are normally buried deep within protein structures. Having exposed hydrophobic residues is a higher energy state. As a consequence proteins begin to aggregate in an effort to find a lower energy state. This brings hydrophobic surfaces of different proteins together, minimizing exposed surface area and in doing so further changes protein conformation and the energy topography. This has been considered to be energetically favorable but the changes result in a net loss of In these experiments, viability from MTT assays appears to drop significantly at approximately 6-8 hours of exposure to 0.5 molar urea solutions. It continues to progressively drop thereafter measured by both DSC and FTIR. This gradual rate of onset is consistent with previous studies using isolated ovalbumin with urea (14). This steep slope or shoulder corresponds to approximately 10% fractional denaturation, similar to that reported previously for denaturation by hyperthermia, and suggests that there is a point beyond which cell death is an irreversible process.
To shed light on the mechanism we therefore applied several spectroscopic and calorimetric tools. All three analytical methods used in this study (DSC, FTIR, and Raman) implicate protein denaturation as a mechanism of action for cell death both in viability correlations and in the temporal course of the appearance of changes. The degree of denaturation increases with time exposure as shown by the decrease of the amide 1 region area in FTIR and by the decrease in heat flow by DSC at 24 h. Of the three methods, Raman spectroscopy appears to show the greatest sensitivity as changes were detectable both earlier in exposure than with either FTIR or DSC and also at lower concentrations although the data set is admittedly preliminary. This was fortunate because Raman microspectroscopy currently relies on measurements of attached cells. Part of the reason for such sensitivity owes to the high spatial resolution of Raman, which allowed us to visualize and probe more details of single cells. Further modification to use Raman microspectroscopy on detached cells would be needed for future studies.
There were several limitations worth noting. First, only one cell line was used. Variations in susceptibility and ability of cells to recover might be expected and trypsinization to release cells for DSC could damage cells. Therefore it would be worthwhile to assess a range of cell lines with a range of tolerance to other known therapies and the effects of trypsin to develop a more accurate context. Second, the experiments were done with only one chemical denaturant. If the concept can be generalized, similar trends would be expected with other agents such as ethanol. Third, information on cell-signaling pathways is lacking. Other mechanisms of cell death such as apoptosis may contribute to the drop in viability to some degree. Finally, the methods used cannot distinguish between denaturation as a percentage of total proteins in a cell and partial denaturation of susceptible moieties among many proteins present. However, the protein aggregation during cell death revealed by Raman imaging suggests that protein denaturation is a significant contributor to the process. It has been shown previously that protein aggregates are linked to the cell death (15) but this is the first time that such a process is chemically imaged. Further evaluation on the correlation between the degree of protein denaturation and the aggregation structure will require more detailed Raman imaging inside cells.
Both the FTIR and DSC data show a strong correlation in protein denaturation with cell death, thus supporting protein as a likely target and denaturation as a likely mechanism of cell destruction. Specifically, both techniques show a relatively small amount of protein denaturation leads to a large change in viability (Figures 3 and 4) . This concept is similar to that reviewed by Lepock for heat (16). He showed that fractional protein denaturation of up to 5% yields no cell killing, but after 10% protein denaturation 95% of the cells (V79 fibroblasts) were killed. Using the same argument here one can suggest that there is a protein "shoulder" which the cells have fallen over after 6 hours at 15-20% total fractional protein denaturation (FTIR and DSC respectively) (Figures 3 and 4) . Importantly, Lepock denatured more total protein by heating to higher temperatures (.95°C) in his studies. Since this leads to a higher denominator for fractional denaturation (i.e., total denatured protein) it is to be expected that his percentages are lower than ours. In any case our study shows that after 15-20% fractional denaturation the cell viability is dramatically reduced. Also of note, other reviews of heat injury identify multiple targets of heat effects but argue that these effects can be integrated into changes in protein folding (i.e., denaturation) which ultimately affect cell destruction (17). Thus, by analogy to Lepock's original studies for heat denaturation (16, 18), we suggest here that a major target of chemical cell destruction is protein denaturation.
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